• Neurocognitive tests tapping specific HC subfields can help target at-risk individuals.
Introduction
The association between the hippocampus and episodic memory is well established [1] [2] [3] [4] ; however, within the hippocampus, the roles of task-specific structures are still emerging, and only a few studies have investigated the association between hippocampal subfields and psychometric tests of memory in healthy older adults.
Hippocampal (HC) subfields include the cornu ammonis (CA1, CA2-3), CA4-dente gyrus (DG), the presubiculum and the subiculum. Previous research suggests that CA2, CA3, and DG are input structures, responsible for encoding, while the CA1 and subiculum are output structures, responsible for retrieval [5] [6] [7] [8] [9] . fMRI studies have further suggested specialized function for each subfield in hippocampal formation. Zeineh et al. [8] used a face-name associated task to study mnemonic processing in 10 healthy young adults; results showed that the CA2, CA3 and DG were involved in encoding whereas the subiculum showed more activation during recall, thus suggesting a double dissociation of activation patterns and tasks. In a similar experiment, Nauer et al. [9] assessed 34 healthy young adults on their working memory abilities for visuospatial information using complex visual outdoor scenes in delayed match-to-sample (DMS) tasks; results in this study showed that the hippocampal subfields CA1, CA3, DG and subiculum remained activated well into the delayed period, suggesting an ongoing mechanism of long-term information processing. Nauer et al. [9] refer to this as "ongoing encoding", in which the immediate and delayed tasks are explained as one continuous process of activity reflecting ongoing encoding of stimuli.
Structural MRI studies have also shown these associations in case-control studies [10] [11] [12] . Muller et al. [12] explored verbal episodic memory using the California Verbal Learning Test II (CVLT-II) in individuals with temporal lobe deficits and healthy controls; they found that immediate verbal recall was associated with larger CA3 and DG volumes, while delayed verbal recall was associated with larger CA1 volumes. They also found similar results in another study using the same test on cognitively impaired older adults [11] . Research has also shown that CA1 volume declines with increasing age [13] , and that compared to age-matched controls, Alzheimer's disease (AD) subjects show more atrophy in the CA1 and subiculum [14, 15] . CA1 has also been associated with delayed verbal recall in AD [10] , further suggesting CA1 s role in retrieval that is associated with AD [15] . These findings have been extended to younger healthy adults in a study [16] that applied structural MRI to the study of hippocampal formation in younger adults; results showed that CA1, CA2/CA3 and DG played significant roles in verbal and visual memory retrieval.
In this manuscript, we assess the relationships of HC subfield volume with standardized neuropsychological tests of visual and verbal memory. Identifying neurocognitive measures that tap onto hippocampal subfields may provide a more efficient method of targeting individuals at risk of AD. Psychometric tests that are associated with specific hippocampal subfields may suggest atrophy and consequently ensure a more proactive approach of referring at-risk individuals for imaging procedures and early diagnosis. Thus, the aim of our study was to explore the role of hippocampal subfields in delayed verbal and delayed visual recall in a sample of community-dwelling older adults without dementia. We hypothesized that CA1 and subiculum would be associated with performance on tests of visual and verbal memory recall.
Methods

Sample
This cross-sectional study was conducted on a subset of 133 older adults from the Einstein Aging Study (EAS). The EAS study design and methods have been described previously [17] . Briefly, the EAS is an ongoing community-based volunteer sample of individuals over the age of 70 living in the Bronx, New York. Participants are systematically recruited from Medicare and from voter registration lists from Bronx County, New York City Board of Elections. Participants with visual and/or auditory impairment that interfere with neuropsychological testing, psychiatric symptomatology that interferes with test completion, non-English speakers, a nonambulatory status, and a dementia diagnosis were excluded from the study. In addition, participants did not participate in the study if they were ineligible for an MRI (e.g. due to metallic implants, claustrophobia, etc.). Written informed consent was obtained on their first clinical visit. The study protocol was approved by the local institutional review board. In this study, we only selected participants who have participated in MRI studies between July 2011 and October 2014.
Visual and verbal episodic memory assessment
We used two tests that contained three measures of visual episodic memory: [19] is an episodic memory test, which includes learning of 16 pictures by identifying and naming each picture. It also consists of three trials of immediate free recall, each of which is followed by cued recall in which a category cue is given to the subject to facilitate recall of the items not freely recalled. It also consists of a delayed free recall trail given after a 20 min delay. Delayed free recall (range 0-16) was used in these analyses.
MRI image processing
Imaging was performed using a 3.0 T MRI scanner (Achieva Quasar TX; Philips Medical Systems, Best, the Netherlands) with a 32-channel head coil (Sense Head Coil; Philips Medical Systems, Best, the Netherlands). T1-weighted whole-head structural imaging was performed using sagittal three-dimensional magnetization-prepared rapid acquisition gradient echo (MP-RAGE) with TR/TE 9.9/4.6 ms; 240 mm 2 FOV; 240 × 240 matrix; partition thickness, 1 mm; and parallel acceleration factor 2.0. Furthermore, a 3D T2-weighted fluid-attenuated inversion recovery (T2W-FLAIR) acquisition was obtained with the following pulse sequence parameters: TR/TE/TI 11000/120/2800 ms; 240 × 240 mm FOV; 240 × 240 matrix; 1 mm partition thickness and parallel acceleration factor 2.0.
MRI data was processed using the FreeSurfer software package (http://surfer.nmr.mgh.harvard.edu/). Image processing methods in the EAS have been previously described in detail [20] . Briefly, the processing stream starts with a hybrid watershed algorithm, which removes non-brain tissue, automated transformation to the Talairach reference space and segmentation of the subcortical white matter and deep gray matter. All volumes including cortical GM volume, total cerebral WM volume, ventricular volume, and total hippocampal volume (HV) were segmented using FreeSurfer's standard segmentation procedure using a probabilistic brain atlas [21] . Additionally, for each subject, the estimated intracranial volume (TICV) was calculated by the procedure described by Buckner et al. [22] . Subsequently, we performed automated subfield segmentation of the hippocampus using another procedure within the FreeSurfer suite. This procedure uses Bayesian inference and a probabilistic atlas of the hippocampal formation, which is based on manual delineations of subfields in T1-weighted MRI scans from a number of different subjects [23] . Using this method, seven subfield volumes were calculated for each side of the hippocampus: CA1, CA2-3, CA4-DG, presubiculum, subiculum, fimbria, and hippocampal fissure. The larger subfields are shown to correlate well with manual volume estimates, with an average dice coefficient of around 0.7 for CA1, CA2-3, CA4-DG, presubiculum, and subiculum [23] . Thus, for the purpose of this study, we chose larger subfields of CA1, CA2-3, CA4-DG, presubiculum, and subiculum due to their strong reliability of measurement. Automated volume estimates of these subfields are shown to correlate well between different MRI scanners [24] . Segmentation results were also visually inspected for errors in all datasets, but no manual edits were needed.
Statistical analysis
Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version 22.0 (Armonk, NY: IBM Corp). In order to decrease Type I error by performing multiple comparisons, we combined left and right hippocampal subfields. Pearson correlation coefficients were utilized to examine associations between visual and verbal episodic memory tests and hippocampal volume including hippocampal subfields (CA1, CA2/3, CA4/DG, presubiculum, subiculum). Separate linear regression analyses were performed to examine hippocampal subfields as independent variables and delayed visual and verbal recall tests as dependent variables. Age, gender, race, education and TICV were used a potential covariates. We also used a Sidak correction [25] factor with an adjusted pvalue of 0.01 for the hippocampal subfields (alpha = 0.05, five HC subfields). Subfields that were significantly associated with visual and verbal episodic memory were then analyzed for laterality.
Results
Demographic and sample characteristics
The mean age of the sample was 78.9 years, 39.8% were male, and 60% were Caucasian. Average total number of years in education was 14.4 years. Global cognitive function, as measured by the Mini Mental State Examination was on average 26.5 (SD = 1.7). The mean scores on the Complex Figure Delayed Recall conditions were 11.6 (SD = 3.8). The mean score on the delayed recall from the FCSRT was 11.0 (SD = 3.7). Sample characteristics, visual and verbal episodic memory, and MRI-derived volumes of hippocampal sub-regions are presented in Table 1 .
Correlational analysis
In correlational analyses (Table 1) (Figs. 1 and 2 ).
Hippocampal volumes and visual and verbal memory
In linear regression analysis adjusted for age, sex, race, years of education, and TICV, total HV was positively associated with Complex Figure Delayed Recall (␤ = 0.31, p = 0.001) and FSCRT Delayed Recall (␤= 0.27, p = 0.007). Table 2 shows that within the hippocampal subfields, larger CA1 was associated with Complex Figure 
Discussion
In this cross-sectional study we found strong associations between total hippocampal volume and the performance on tests of visual and verbal episodic memory. Within the hippocampal structure, CA1 and subiculum were strongly associated with both visual and verbal episodic memory as represented by Complex Figure  Delayed Recall and FCSRT Delayed Recall. Specifically, smaller CA1 and smaller subiculum were associated with poorer performance on both these tests.
Within the hippocampus, the subiculum is the main output component, projecting CA1's information to cortical and subcortical targets [26] . Previously, the subiculum has either been given little attention in the literature or treated as an ambiguous set of structures [27] ; however, recently some focus has been attributed to it due to its emerging importance in spatial processing and performance [26, 28] , delayed verbal recall [29] , and visual memory [8, 9] . The subiculum encodes a representation of task relevant information for a relatively short time, whereas the CA1 cells become progressively engaged in retrieval processes [26] . Studies on rodents have further shown that CA1 and subiculum also work conjointly to encode information in visual delayed activities [30] . In human studies, subiculum and CA1 results also suggest involvement in immediate and delayed visual memory tests [8, 9, 16] and delayed verbal episodic memory tests [29] . Our results highlighting an association between verbal and visual episodic memory and CA1 and subiculum are in line with previous findings on increased CA1 and subiculum activity during delayed periods of visual [9, 16, 29, 30] and verbal tasks [29] . This further enforces the hypothesis that CA1 and subiculum structures in the hippocampus are responsible for retrieval processes. We urge other researchers to further expand on these findings by using tests of spatial episodic memory to find out if results are replicated in this cognitive domain, and if laterality is present in other tasks of spatial episodic memory that are known for their association with the hippocampus [31] . Studying the hippocampus in a detailed approach across age groups will help to sensitively map its distinct functions; in the case of pathology and cognitive decline this approach also helps target more selectively specific areas that are sensitive to atrophy and impairment. Studies investigating hippocampal subfields in relation to AD have consistently shown that the CA1 and subiculum are the most affected areas [13, 14, 32, 33] , with slight disagreements on whether the neuronal loss is also significant in presymptomatic AD [14] . Some studies have shown that conversion from cognitively normal to MCI is associated with hippocampal atrophy specific to the subiculum and CA1 three years prior to a diagnosis, with conversion from MCI to AD showing further atrophy in the CA2-CA3 subfields [33] . Other studies have failed to find a significant association between the presymptomatic phase of AD and CA1 atrophy [14] . Identifying neurocognitive tests that are specifically associated with these regions in the presymptomatic phase (i.e. even before MCI diagnosis) will serve as attainable and inexpensive measures in clinical settings that will conveniently help target individuals at higher risks of memory impairment. We urge future research to study the sensitivity of these neurocognitve tests in relation to hippocampal subfield atrophy and to incident MCI and AD.
Although there are numerous studies that have investigated the association between total hippocampal volume and neurocognitive tests, research on associations between hippocampal subfields and neurocognitive measures are sparse. In one study Lim and colleagues [34] , reported associations between atrophy in the CA1 and subiculum and verbal immediate recall, verbal delayed recall, verbal recognition memory, and constructional recall in 51 AD patients [34] . In another study, investigating hippocampal atrophy and onset of dementia, Costafreda et al. [35] found that by analyzing the level of hippocampal atrophy alone the authors accurately categorized participants into MCI vs no MCI groups. Hippocampal morphology in MCIs was also associated with poorer global cognition (MMSE) and verbal memory (CERAD memory). In their study, CA1 was the area most specifically associated with risk of MCI conversion after 12 months of follow-up [35] . Although our study was cross-sectional, and thus we were unable to find out rates of conversion based on HC atrophy and neurocognitive tests, our findings are consistent with previous literature reporting CA1 and subiculum's specific involvement in visual and verbal episodic memory in older adults.
Despite novel results, our study has some noteworthy limitations. Within the hippocampus itself, the subfields are not distinctively separated, and due to their proximity some subfield boundaries in FreeSurfer, such as CA1 and the subiculum may have some overlap since it is possible that some areas of the CA1 may also be assigned to the subiculum and CA2/CA3 [26, 36] . In fact, Freesurfer's accuracy in detecting some of the hippocampal subfields has been questioned [36] , therefore further studies using manual methods or newer automated methods are warranted to confirm our findings. We applied Sidak correction for multiple testing; like most other adjustments for multiple comparisons, this test can be somewhat conservative; the correction may also lead to false negatives, hence reducing statistical power. Due to the high correlations (r = 0.37) between FCSRT delayed recall and Complex Figure delayed recall, the association between these tests and CA1 and subiculum may be reflective of the variance between the cognitive tests. Although the number of subjects in this study is fairly large in comparison with other MRI studies, some of the associations marginally missed significance (CA1 and FCSRT Delayed Recall, p = 0.025), therefore larger population-based studies might be required to detect smaller associations. The crosssectional nature of this study precludes conclusions about causality between imaging measures and the performance on visual and verbal tests and MCI/AD incidence. Further longitudinal studies are required to investigate these associations over time and to find out whether these verbal and visual tests have the same power in predicting MCI and AD as CA1 and subiculum atrophy. We only used single tests to represent verbal and visual episodic memory; we urge other researches to explore these associations with other tests representing these domains to generalize findings to visual and verbal episodic memories.
Conclusion
In this study we explored associations between delayed visual and verbal recall measures using the RBANS Complex Figure subtest and the FCSRT Delayed Recall subtest and hippocampal sub-regions in healthy older adults. Our results showed CA1 and subiculum subfields as strongly associated with both verbal and visual episodic memory. Our results suggested that hippocampal atrophy, specifically, CA1 and subiculum may be markers of normative cognitive decline, and that the R-BANS Complex Figure and the FCSRT delayed recall may provide quick, sensitive insights into the aging brain and its cognitive function.
Our results offer clinical applicability by encouraging the use of these neurocognitive tests as prognostic measures in clinical settings to encourage watchful waiting in individuals whose scores are below age-adjusted means, and thus denote risk or even possible impairment, in which case a more active approach and thorough assessment that resorts to imaging procedures as a confirmatory approach for diagnosis may proceed. We suggest future research to use these and other psychometric tests to aid in developing a better understanding of the hippocampus, its subfields, and their functions relating to cognition in humans.
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